We present an improvement in the electrical properties of silica nanotubes by coating metal nanoparticles on their surfaces. The silica nanotubes are formed from bacterial flagella bio-templates having a tubular structure. Successive depositions of metal nanoparticles on the silica nanotubes are performed through easily functionalized silica surfaces. The results show uniform metal nanoparticle sizes and a high surface area coverage. By incorporating gold, palladium and iron oxide nanoparticles, the metallized silica nanotubes gain electrical properties with the potential to create unique nanoelectronic materials. In this study, the metallized silica nanotubes with network structures are aligned and their electrical behaviors are investigated in both dry and wet conditions. The metallized silica nanotubes are found to be electrically conductive along the network structures. The current-voltage characteristics show remarkably improved electrical conductivities depending on the type of metal nanoparticle loading and nanotube network concentration.
Introduction
Extensive efforts have been put into developing a class of unique nanomaterials for advanced electronic or sensory applications [1] [2] [3] [4] [5] . Particular attention and effort have been given to the creation of various nanocomposites with electrical properties to meet the requirements of wide or specific applications in the electrical and electronic industries. An important type of nanocomposite is dielectric nanotubes (NTs) or a matrix coated by conducting metal nanoparticles (NPs) such as gold through surface modification [6, 7] . Incorporating the metal NPs into the existing dielectric systems can lead to interesting electrical properties of the NT network dielectric system. These approaches through the incorporation of metal NPs can result in potential cost-effective benefits for important and promising engineering fields, including solar cell energy conversion [8] or nanoelectronic devices [9] . Silica nanotubes (SiNTs) are one of the most investigated dielectric materials owing to their simple fabrication, large surface area and excellent biocompatibility [10, 11] . Above all, their surfaces are easily functionalized with terminal groups, facilitating the attachment of small NPs [12, 13] .
Among several methods that have been developed to synthesize SiNTs, bio-template-based synthesis is an attractive route for controllable fabrication of NTs. Bacterial flagella have the ability to form higher ordered structures through self-assembly [14] . They are spiral and tubular nanostructures, approximately 20 nm in outer diameter, 2 nm in inner diameter and 10 µm long, which are potentially suitable as structured bio-templates. As mechanical devices, flagella have extraordinary properties. Despite their small diameter and long length, they are extremely stiff and have an elastic modulus estimated to be in excess of 10 10 N m −2 [15] . Furthermore, flagella filaments are remarkably durable and remain stable at temperatures up to 60 • C and under relatively acidic or basic conditions [16, 17] . Therefore, those properties allow them to be used as bio-templates either in their native or chemically and physically modified forms in a wide range of conditions.
Previous studies have reported the successful fabrication of SiNTs through a well-controlled hydrolysis and condensation reaction utilizing bacterial flagella as bio-templates [18] . Moreover, the biologically derived SiNTs were significantly improved and modified by coating metal or metal oxide NPs on the outer surfaces of the SiNTs [19] . In order to enhance their electrical properties, gold, palladium and iron oxide NPs were coated onto the SiNTs through wet-chemical methods. However, we should note that during the formation of SiNTs on the flagella bio-templates, the SiNTs stuck to one another and formed entangled structures and complicated networks. The unique network structure made by the entangled SiNTs can be useful in leading to effective electron transfer between adjacent metal NPs. The networks can also be used as a reinforced material for a sensor substrate and bring substantial improvements to structural strength, electrical conductivity and other properties. For these reasons it would be highly desirable to investigate the change in electrical properties due to the introduction of metal NPs in order to fully utilize the metallized SiNTs in electronic applications.
In this study, we used a template-directed approach to load metal NPs into densely packed three-dimensional dielectric SiNT network structures. The electrical conductivity of the metallized SiNT networks loaded with different metal NPs was measured and compared in both dry and wet conditions. In addition, we also investigated the effects of concentration of the SiNTs on the electrical properties. By coating the synthesized SiNTs with conducting metal NPs, different current-voltage (I-V) dependences were observed depending on the structural properties. It was observed that the deposition of gold, palladium and iron oxide NPs enhanced the electrical conductivity of the SiNT networks. These results indicate that such random metallized SiNT networks have the potential for development as electronic materials for future nanoelectronics due to their small size, electrical properties and capability to operate on short time scale. Furthermore, this is a promising strategy due to ease of fabrication, low cost and high scalability.
Materials and methods

Sample preparation
The methods for silica coating on flagella templates and the metal coating on the flagella-templated SiNTs processes were previously described in [18, 19] . The process of silica coating the flagella-templated NTs involved a wellcontrolled condensation and hydrolysis reaction with 3-(aminopropyl)triethoxysilane (APTES) and tetraethoxysilane (TEOS). The SiNTs were then metallized into multifunctional NTs by coating with gold, palladium and iron oxide NPs. Details of the experimental methods were given in [19] . Briefly, gold metallization was achieved by adding 10 µl of 0.05 M HAuCl 4 · 3H 2 O to 500 µl of diluted SiNTs in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer for 10 min, followed by reduction with 10 µl of 0.5 M hexamethylenetetramine (HMT). For the palladium NP coating process, 200 µl of as-prepared SiNTs was mixed with 5 µl of 0.05 M Na 2 PdCl 4 and incubated for 20 min. Then, 5 µl of 0.5 M HMT was well-dispersed in the mixture and incubated for the same length of time. For the iron oxide NP coating, first an acidic solution containing 1 mM (NH 4 ) 2 Fe(SO 4 ) 2 · 6H 2 O and 2 mM FeCl 3 was prepared. Next, 250 µl of the SiNTs was mixed with the 7 µl of acidic solution and left to stand for 2 min. Lastly, 2 µl of 1 M NaOH was added dropwise to give a final pH of 9. Characterization of NPs coating the SiNT networks was done using a scanning electron microscope (SEM; Zeiss Supra 50VP) and transmission electron microscope (TEM; JEOL JEM 2100).
Electrode fabrication
The electrodes for the I-V measurements were microfabricated on a silicon substrate using standard lithographic patterning. First, electrodes were fabricated on boron doped P-type 4-in silicon wafer (resistivity 20 cm) capped with a 200 nm thick SiN layer by low-pressure chemical vapor deposition (LPCVD; E-1200, Centrotherm, at 820 • C) method. The source and drain electrodes were photo-lithographically patterned by a contact aligner (EVG-640, EVG), and the 300Å Ti adhesion and 3000Å Au layers were deposited by the e-beam evaporation (KVET-C500200, Korea Vacuum) method. This was followed by the lift-off process to form the Au/Ti electrodes. The distance between two electrode pairs was approximately 3.5 µm.
Positioning of the sample
After the SiNTs were metallized by gold, palladium and iron oxide NP loadings, they were pelletized by centrifugation to get densely packed metallized NT solutions (0.896 mg/1 µl). For measurement of the deposition process in wet conditions, the pelletized NTs were diluted with deionized water with the ratio of 1:1, 1:3, 1:5 and 1:10 (v:v). Each sample was transferred by a micropipette to the proper x-and y-position over the electrodes for measurements. At the designated position, the micropipette was moved downward in the z-direction until it touched the electrodes. The meniscus of the suspension was squeezed out of the opening of the micropipette, wetted the surface and formed a microdroplet on the electrodes. Finally, the designated amount of suspension (0.5 µl) covered the electrode gap. For measurement of the deposition process in dry conditions, a droplet of undiluted NT solution was transferred onto the electrodes and then completely dried naturally after it was positioned. 
Electrical measurement and characterization
I-V characterization of the densely packed metallized SiNT solution was carried out at room temperature using two probe stations connected to a semiconductor parameter analyzer (Agilent Technologies, E5262A) with an E5291A high speed medium power SMU module. Two probes were positioned onto each electrode under close observation with a microscope (Leica Microsystems). The measurements were performed with new electrodes each time. The deposited entangled SiNT networks were characterized using a SEM after the I-V measurements. Figure 1 shows a schematic diagram of the electrical measurement system under wet and dry conditions.
Results and discussion
Bacterial flagella filaments undergo polymorphic transformations, changing between helical shapes of different pitch, radius and handedness, when subjected to external changes in temperature, ionic strength and pH value [16, 17, 20] . When pH varies from acidic to alkaline conditions, the morphologies of flagella change from normal form to curly or coiled form [21] . In this study, after the addition of APTES to the flagella solution (pH 6.5-7), the pH was increased up to 10 because APTES is a weak base. The changes in the pH value during the surface modification reaction resulted in polymorphic transformation, with most flagella exhibiting curly and coiled morphologies. Due to the high concentration of flagella with non-straight forms, a random hair-like network of interconnected flagella templates was formed in the solution. Then, silica shells were synthesized on the entire outer surfaces of the flagella bio-templates by using the typical hydrolysis and condensation reaction process of TEOS in the presence of APTES, as shown in figure 2 . As a result, the SiNTs were entangled forming complicated three-dimensional networks made up of many layers (figure 2(b)) [14] . The SiNTs were further developed by coating their surfaces with well-deposited metal NPs in order to gain electrical properties. The deposition of gold and palladium NPs onto the SiNTs composed of flagella bio-templates was achieved by the following steps. The first step was the reduction of the metal precursor to zero-valent metal atoms by the addition of a reducing agent, HMT; the second step was the growth of the NPs from metal atoms. For the case of the iron oxide NP coating, a co-precipitation method was performed by mixing alkali and iron-containing salt solutions, thereby initiating the reaction. As a result, a large number of iron oxide NPs were created from aqueous Fe II /Fe III (1:2 molar ratio) acidic solution by the addition of a base, NaOH, at room temperature. Figure 3 shows the representative TEM images of SiNTs and metallized SiNTs with different metal NPs on the outer wall of the silica shells. Compared to the original SiNTs ( figure 3(a) ), the gold metallized SiNTs were coated with discrete gold NPs over the surface of the NTs ( figure 3(b) ). It was also found that palladium and iron oxide NPs have remarkable coverage and dispersity over their entire surface (figures 3(c) and (d)). From the distribution of NPs, we can estimate that these particles initially nucleated homogeneously on the SiNT surfaces, followed by the growth of the nuclei into metal NPs. Therefore, the properties of metallized SiNTs are quite different from those of the original SiNTs because of the metal NPs. The surface morphology and the corresponding chemical compositions were examined by SEM and energy dispersive x-ray spectroscopy (EDS) in a previous report [19] .
One of the most important requirements for achieving uniform conductivity is the homogeneous dispersion of metal NPs on the SiNT surfaces. Since silica surface was easily functionalized and chemically modified, SiNTs in an ultrafine network structure are useful templates for dispersing metal or metal oxide NPs. As a result, there were many metal NPs overlapping each other along the surfaces of the metallized SiNTs. The presence of the metal NPs may bring about a significant improvement in the electrical conductivity of the metallized SiNTs. Herein, the enhanced conductivity of the metal NP-SiNT composites was investigated under various voltages. As shown in figure 2(b) , the randomly aligned SiNTs formed several layers, which created complicated connections between the entangled SiNTs. Silica itself did not conduct electricity because there were not any delocalized electrons. However, the SiNT networks thus formed could serve as well-established paths for the distribution of NPs through the entangled connections, hence significantly affecting the electronic transport generated from metal NPs and the resulting conductivity. The contact between metal NPs and SiNTs plays an important role in electron transport depending on the level of interconnectivity since the relatively close metal NPs contribute to electron transport.
For the intricate random system, electrical conduction in the metallized SiNT networks is mainly determined by two mechanisms: the formation of a percolating network of SiNTs and the movement of charge carriers via a tunneling process between isolated conducting particles. First of all, the percolating network of SiNTs was readily formed due to the high concentration of SiNTs. The electric conduction of the metallized SiNT networks is known to follow the statistical percolation theory [22] [23] [24] :
where σ 0 is the conductivity of the conducting component of the percolating network, p is the concentration of the NTs, p c is the percolation threshold and t is related to sample dimensionality. From this equation, considering the NP-SiNT composite structure, the conductivity of the composite networks is governed by three factors. The first is the conductivity of an element of the percolating network, which is related to the metal NPs deposited on the SiNT networks in this work. The second factor is the concentration of the metallized SiNTs, i.e. the number of free carriers per unit area in the network. Here, since metal NPs formed a dense covering on the SiNT surfaces, the NPs and SiNTs were completely connected to each other. As a result, when the concentration of SiNTs increased, the number of contacts and connections between NPs and SiNTs also obviously increased. The third factor is the percolation threshold, in other words, the ability of free carriers to move between the NPs in the SiNT networks. The percolation of charged carriers through the networks is described as branching out through the structures of interconnecting pathways of metal NPs as described in figure 4 . Subsequently, this enabled electron transport between the deposited nano-sized metal NPs through the entangled SiNT networks. The electronic transport mechanism in such a three-dimensional network system is attributed to electron tunneling. It is well known that the conduction electrons are delocalized and freely move along the electrical pathways [25] . Since carriers traveled a shorter distance within a well-connected region, highly tunneling transmission was produced at points of closest contact between NPs [26] . Under the dry condition, pristine SiNTs without a metal NP coating did not show electrical characteristics because SiNTs are dielectric materials. However, it is shown in figure 5 that the metallized SiNTs successfully demonstrated enhanced electrical conductivity as indicated by the I-V curve in all cases. The incorporation of metal NPs enabled the metallized SiNT networks to possess conductance. These large increases were attributed to the increase in free carrier concentration due to the metal NPs, with electrically conducting paths along the dense metal NPs through the effective tube-tube junctions.
It has been recognized that the electronic properties of metal NPs deposited on SiNT networks are mainly affected by the size and shape of the NPs, interparticle distance, etc [6] . Those properties are dependent on the nature of Ohmic and contact resistance. The three different metallized SiNTs in this work had different NP sizes, compositions, density of particles and distances between them. Our methods involved the wet-chemical synthesis of the NPs and their subsequent deposition onto the SiNT surfaces. The NPs were formed by using different synthesis processes with chemical reduction of different metallic precursors and reducing agents. Therefore, it is tricky at the moment to control NP sizes, interparticle distance, etc. Since we did not use NPs with identical properties, the measured electrical properties in figure 5 do not show a comparison under the same conditions. Here, we focused on investigating electrical behavior for each different metal NP loading in order to show the different electrical behaviors according to the deposited metal NPs. However, for better comparison, future works will be consider tuning those properties.
For all samples, the I-V curves showed non-linear characteristics, indicating that there were barriers and resistances. The non-linear I-V curves have also been obtained in other nanocomposites such as randomly aligned NT films [27] . Sheng [25] proposed a fluctuation-induced tunneling mechanism to investigate the electrical conduction of disordered materials. This characteristic was ascribed from large conducting regions or long conducting pathways separated by small insulating barriers. He explained that the thermally activated voltage fluctuation across the insulating gaps played an important role in determining the field dependence of the conductivity. In our cases, in addition to the above possible impact on electron transfer, the non-linear characteristics might be due to non-perfect contacts present between the adjacent NPs and the SiNTs. This gave rise to constriction resistance and tunneling resistance. Besides, as larger electrode gaps were involved, the percolation lengths became necessarily longer and thus structural integrity of the network might break down because of the presence of a partial bridge with a small gap [28] . Therefore, some charge carriers could tunnel easily while others showed only relatively weak cross over.
In the wet condition measurements, the I-V curves were also non-linear in both current flow directions for all cases, as shown in figure 6 . This reveals that the electrical properties of the metallized SiNTs could be modulated by varying the concentration of NPs in NTs. At a higher concentration of NTs, the currents were about two to three times higher than that of the diluted NTs. Since we used highly concentrated flagella, they were all tangled up together before forming silica layers, which means that there were no isolated single flagella and SiNTs. Additionally, metal NPs covered almost all SiNT surfaces and thus NPs and NTs were connected to each other. As a result, when the concentration of SiNTs increased, the number of NPs and connections between NPs also obviously increased. In other words, when the concentration of the metal NPs was higher, the number of metal atoms in the SiNTs increased, resulting in more enhanced electrical tunneling pathways and significantly affecting the electrical conductivity over the networks. The low conductivity with the lower metal NP concentration indicates that the percolation paths were relatively lower than for a higher metal NP concentration or they did not significantly affect the electrical conductivity of the metallized SiNT networks. Therefore, the electrical conductivity was increased for a higher concentration of metallized SiNTs. Generally, electrical conduction in ionic liquids is a result of travel of full atomic species (ions), each carrying an electrical charge. Therefore, the conductivity of ionic liquids varies significantly with concentration. If the density of NTs in such three-dimensional network structures is sufficiently high, the NTs could interconnect and give metal NPs the opportunity to form continuous electrical paths. Therefore, the conductivity of a solution of NT composites is highly dependent on the concentration of NTs and other chemical species that ionize in the solution. Coating of the synthesized SiNTs with conducting metal NPs including gold, palladium and iron oxide enhanced the electrical properties, thereby creating metallized SiNTs with a definitive current carrying ability in the solution.
Unlike the dry condition, pristine SiNTs showed electrical characteristics under the wet condition. It can be explained by the adsorption of water enhancing the electrical conductivity of the silica surface. Anderson and Parks found that the conductivity depends strongly on water content. This is because Si-OH groups or water molecules present on the silica surface can dissociate to provide mobile protons which travel from site to site across the surface [29] . The conduction mechanism in the solution with the pristine SiNT networks is ionic and protons are probably the dominant charge carriers. Note that the flagella filaments are polymers of a single protein with a molecular weight of about 55,000 Da. Since flagella are electrical insulators, the flagella templates did not influence on the electrical conductivities of the metallized SiNT networks.
Even though it is difficult to tell how many SiNTs are placed across the electrode gap, the electrical characteristic is a reflection of the general profile of the metallized SiNTs. Thus, the characterization of electrical properties related to different NP loadings can further guide the development of a nano-bio hybrid system for future applications such as sensors.
Conclusions
It is meaningful to use NTs fabricated via biological templates as electrical materials, yet not much is known about the energetics and mechanical properties of such NTs. Therefore, this study focuses on characterizing the electrical properties of the flagella-templated SiNTs. In this work, the entangled SiNT networks consisting of different metal NPs were introduced as conductive materials. It was found that the metallization and the complicated three-dimensional network structures of SiNTs effectively contributed to the enhancement of electric conductivity. In addition, the conductivity was directly related to the concentration of metallized SiNTs in the wet condition. The materials and processes developed in this study have fundamental scientific advantages including the use of biologically inspired NTs and nanoscale structures in engineered systems, and we have answered basic questions regarding the effect of electron loading on the electronic properties of nanoscale systems. As a result, these structures are being actively investigated for a number of applications, from high performance electronics to electrochemical substrates, enabling an entirely new class of biological electronic systems such as green energy systems.
